Based on the Coulomb spike model, track formation depends strongly on the electrical resistivity of a material, and ion tracks form only in insulating materials. However, there are no systemic studies of the effect of resistivity on the track formation in materials, such as SrTiO 3 (STO), where with the addition of low concentrations of Nb, the resistivity dramatically decreases covering the entire electronic regime from an insulating to conducting material. In this study, high energy (8.6 MeV/u) ion-induced track formation in STO was characterized by transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) techniques as a function of Nb-doping concentrations. Contrary to the Coulomb spike model's predictions, the Nb-doping had no evident influence on track formation, as confirmed by both TEM and SAXS. This may be the result of the low electron density in the bulk material or the minor effect of the Nb-doping on the bonding in the material. In situ TEM studies of low energy (1 MeV Kr 2+ ) ion irradiations show that the low concentration doping has a minor influence on the crystalline-to-amorphous transformation as a result of subtle structural variations of incorporated impurity atoms.
Introduction
The response of materials to ion irradiation is of significant interest in nuclear engineering [1] [2] [3] , particle damage in microelectronics [4] , nanoengineering [5] [6] [7] , and fission track thermochronology [8, 9] . The slowing down of ions in matter is characterized by two independent processes: electronic energy loss, À(dE/dx) e = S e , due to the electronic excitation and ionization, dominated at highenergy regime (MeV-GeV), and nuclear energy loss, À(dE/dx) n = S n , due to elastic collisions, dominated at low-energy regime (keVMeV). The formation of tracks created by high-energy heavy ions depends, in part, on the electrical resistivity of the target material [10, 11] . According to the Coulomb spike model, tracks do not form in conducting materials because the electrical conduction promptly neutralizes the positive core [10, 11] . In contrast to this prediction, tracks have been observed in a few metallic materials [12] [13] [14] , although the energy loss threshold for track formation is usually much higher as compared with insulators. However, there are very few studies of the effect of electrical resistivity on track formation. In order to conduct such a study, the major difficulty is to separate the electron density from other physical properties, as tracks are formed in different materials, where many physical properties other than electron density can vary.
Strontium titanate perovskite, SrTiO 3 (STO), is an important material because of its wide variety of applications in electronics [15] [16] [17] , optics [18, 19] and nuclear materials [7, 20, 21] , and in clear energy research [22] . At room-temperature, STO is an insulator (band gap: $3.2 eV), with a simple cubic perovskite structure (Pm 3 m). However, both the growth of SrTiO 3 Àd in an oxygen deficient atmosphere and the chemical substitution (e.g., La 3+ for Sr 2+ ,
or Nb 5+ for Ti 4+ ) can make the originally insulating STO semiconducting [16] or even metallic [18, 19] , due to the upward shift of the Fermi level into the conduction band [23, 24] . Therefore, the insulator-to-metal transition in STO provides a unique opportunity to study the details of how the electronic properties affect radiation response. Because amorphous tracks have been observed in insulating STO irradiated by 92 MeV Xe ions [21, 25] , this paper describes the first systematic investigation of the effects of low concentrations of 0168-583X/$ -see front matter Ó 2013 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.nimb.2013.03.010 impurities on track formation in a material, e.g., STO, that transforms being an insulator to being a conductor [16, 23] . Samples were characterized by TEM and SAXS measurements after irradiation by swift heavy ions (2.0 GeV U or 1.7 GeV Au). Due to its complex behavior during low-energy ion irradiations, perovskite, ideally ABO 3 , has been of interest because of its potential use as a nuclear waste form [1, 20, [26] [27] [28] . Although the radiation damage is generally attributed to atomic collisions for low-energy ion irradiations, a notable ionization effect has been suggested for damage in SrTiO 3 [28] . We have therefore extended the investigation to include the influence of electronic conductivities, as well as ionization effect on the low-energy ion irradiations (1 MeV Kr 2+ ) that induce a crystalline-to-amorphous transformation. The experimental results for both energy loss regimes are discussed with respect to the electronic conductivity, the bond-type, atomic structure and defect migration.
Experimental
High-quality single crystals of Nb-doped STO were grown by the conventional Verneuil method (MTI Corporation). Samples with Nb concentrations of 0, 0.1, and 1 wt.% were obtained with corresponding resistivities of $10 4 , 8 Â 10 À2 and 3.5 Â 10 À3 X cm, respectively, at room temperature [19, 29] . This resistivity range covers the separation between track formation and non-trackforming materials $2 Â 10 3 -2 Â 10 4 X cm, as defined by Fleischer et al. [10, 11, 30] . A doping concentration higher than 1 wt.% is not commercially available for high-quality single-crystal samples. Irradiation experiments were completed with two types of ion projectiles: (1) high-energy (8.6 MeV/u) ions, i.e., 2.0 GeV U ions of fluence 7.5 Â 10 10 ions/cm 2 or 1.7 GeV Au ions of fluence 5 Â 10 10 ions/cm 2 , and (2) low-energy ions (1 MeV Kr 2+ ). In a previous study of Ca-Y 3 Fe 5 O 12 , the amorphization cross-section was found to be insensitive to the resistivity of the pure phase [31] . However, the resistivity range (10 4 -10 9 X cm) in this material was limited to the insulating regime.
Swift ion tracks
The swift ion irradiations were performed at the UNILAC accelerator of the GSI Helmholtz Centre for Heavy Ion Research Darmstadt, Germany, by exposing a (100) surface of a single crystalline sample to a beam at perpendicular incidence. The samples were pre-polished to a thickness of about 40 lm to ensure that the GeV projectiles completely penetrated the specimens, inducing an approximately uniform electronic energy loss over their entire trajectory, as shown in Fig. 1a (SRIM-2012 code [32] ). Thus, the track radii are similar throughout the entire sample thickness, which is of advantage for the applied analytical techniques and related sample preparation. The contribution of nuclear energy loss to track formation is negligibly small as compared with electronic energy loss for most of the target depths of high-energy ions, especially the regions near the irradiated surface (Fig. 1a) . For both high-and low-energy ion irradiations (Fig. 1) , there are no obvious variations in energy loss (both S e and S n ) between the pure STO and the Nb-doped samples, because of the very low concentrations of Nb. The applied ion fluences ($5 Â 10 10 ions/cm 2 ) were sufficiently low to yield well separated aligned tracks. Table 1 summarizes all irradiation conditions: ion type and energy, irradiation temperature, and Nb concentration for each sample. The damage morphology of the GeV ions induced tracks was investigated by a JEOL 2010F TEM (Fig. 2) . TEM samples were prepared by dispersing crushed fine powders of the irradiated samples onto a holey carbon grid.
SAXS is a very useful tool for studying ion-track morphology and dimensions [14, [33] [34] [35] [36] . Without further preparation, samples were investigated after irradiation using transmission SAXS at the SAXS/WAXS beamline at the Australian Synchrotron in Melbourne, Australia, with an X-ray energy of 12 keV and a camera length of approximately 1600 mm. The samples were mounted on a threeaxis goniometer for precision alignment. Measurements were collected by a Pilatus 1 M detector with the ion tracks tilted between 0°and 10°with respect to the X-ray beam. Additionally, scattering was measured from an unirradiated sample for background removal. Scattering images of 0.1 wt.% Nb-STO irradiated 1.7 GeV Au ions are shown in Fig. 3 . The radially symmetrical image in Fig. 3(a) is consistent with tracks aligned normal to the surface of the sample (or with tracks parallel to the X-ray beam). As shown in Fig. 3(b) , tracks are tilted by 10°with respect to the X-ray beam Fig. 1 . The electronic energy loss, À(dE/dx) e = S e , and nuclear energy loss, À(dE/ dx) n = S n , as a function of depth, x, for both (a) high-and (b) low-energy ion irradiations in STO. There are no obvious variations in energy deposition between the pure STO and the doped samples.
Table 1
Irradiation parameters (ion species and irradiation temperature), and track radius, R, deduced by the fitting of the SAXS patterns. Radius polydispersity, r r , is a fitting parameter.
resulting in the highly anisotropic scattering apparent from the image. The slightly curved streaks in Fig. 3 (b) with tilted tracks confirm the high aspect ratio of the ion tracks that are only a few nanometres wide and extend through the entire sample thickness. For analysis of the SAXS data, the scattering intensities corresponding to the tracks were extracted from the isotropic images of the aligned tracks ( Fig. 3(a) ), and by masking the streaks corresponding to the scattering of the tracks when tilted with respect to the X-ray beam ( Fig. 3(b) ). Both methods yield identical results. At the given low fluences, the tracks are sufficiently separated such that overlap effects are negligible. We can estimate the amount of track overlap using a simple overlap model:
UÞ , where d is the area of the modified material, R is the track radius and U is the ion fluence [33] . With a fluence of <1 Â 10 11 ions/cm 2 the amount of track overlap is less than 1% for all track radii extracted from the SAXS measurements, confirming isolated tracks. Given the random distribution of the tracks, the scattering amplitude thus only contains a form factor, i.e. no structure factor that describes scattering related to ordered special arrangement or overlap of the tracks need be considered. For a cylindrical geometry, the form factor can be written as:
f ðqÞ ¼ 2pL
where L is the track length (equivalent to the sample thickness), q(r) the track radial density distribution, q is the radial component of the scattering vector q, and J 0 the Bessel function of zero order. A simple cylinder of radius R with sharp boundaries and constant density (different from that of the matrix material) best describes the observed scattering. The track radial density 
A narrow Gaussian distribution of width r r for the track radius was implemented to account for deviations from perfectly aligned, identical tracks [36] . Therefore, the radius polydispersity r r enters as a fitting parameter in the scattering intensity as [14] IðqÞ
Low-energy ion irradiations
Irradiation-induced amorphization with low-energy ions (1 MeV Kr 2+ ) was observed by in situ TEM using the IVEM Tandem
Facility at the Argonne National Laboratory over a temperature range from 100 to 373 K. The flux was approximately 6.25 Â 10 11 ion/cm 2 /s. Samples were prepared for irradiation experiments by dispersing crushed fine powders of Nb-STO on a holey carbon grid. Using the SRIM-2012 code [32] , the ion range was calculated to be $350 nm for 1 MeV Kr 2+ ions (Fig. 1b) , which is greater than the typical thickness of electron transparent samples suitable for TEM observation (a few tens nm to $150 nm). The electronic to nuclear stopping power ratio (ENSP) at an average depth ($100 nm) is around 60% (Fig. 1b) . Ion-induced amorphization was monitored for the different Nb-doped samples by selected area electron diffraction (SAED) patterns as a function of irradiation fluence. The critical amorphization dose is determined by a point where all the diffraction maxima are no longer evident.
Results

Track formation
Parallel tracks have been observed by TEM after irradiation with GeV ions in the doped and undoped STO samples (Fig. 2) . They are evident by the dark contrast of their damage trails with respect to the unirradiated matrix for different ion projectiles (2.0 GeV U and 1.7 GeV Au), and different irradiation temperatures (RT and 24 K). Most of tracks are continuous, but some show contrast fluctuations with gaps along the ion trajectory, indicating a discontinuous track character. While tracks in apatite and zircon show a sharp boundary between the track core and surrounding matrix, [9, 37] the contrast of the tracks in both STO and the Nb-doped STO are rather weak. The track radius as shown in TEM images is similar ($20-30 Å) for all STO samples, independent of the Nb-doping level. However, the weak contrast prevents a precise determination of the track radius by TEM as would be required to detect the effects of variations in resistivity due to Nb-doping.
In contrast to the limited number of tracks in a localized area as observed by TEM, the strong scattering oscillations from a very large number ($10 6 ) of well aligned, identical tracks in a bulk sample, as detected by SAXS, provide a very reliable means for determining the mean track radius. The scattering intensities of tracks and corresponding analytical fits to the hard cylinder model are shown in Fig. 4 . As summarized in Table 1 , the Nb-doping has no significant influence on the mean track radius, R, which is in agreement within the experimental error for all samples. For example, 2.0 GeV U ions at room temperature induce tracks in STO of radius 31.3 ± 0.1 Å (undoped), 30.7 ± 0.2 Å (0.1 wt.% Nb), and 31.2 ± 0.2 Å (1 wt.% Nb). The errors correspond to the uncertainty of the fitting. The lack of correlation between track morphology and doping-level was also confirmed by the 1.7 GeV Au ion irradiation. However, as expected, the larger S e (47 keV/nm) in the case of 2.0 GeV U ions resulted in a larger mean track radius $31 Å, as compared with the $23 Å track radius for 38 keV/nm energy deposition of the 1.7 GeV Au ions. These values, as obtained by SAXS, are consistent with the value ($20-30 Å) as observed by TEM. In addition, the irradiation temperature had no obvious influence on the track formation process in STO. SAXS measurements evidenced a very similar track size for the 1.7 GeV Au ion irradiations at 24 K and room temperature, respectively (Table 1) .
Amorphization by low energy ions
In situ TEM studies of 1 MeV Kr 2+ induced amorphization show that at a given irradiation temperature, the difference in the critical amorphization dose for STO samples with different Nbconcentrations is small (Fig. 5) . The 1 MeV Kr 2+ ion irradiation at room temperature induces a complete amorphization in the undoped STO sample at 1.75 Â 10 15 ions/cm 2 , or 3.6 displacement per atom (dpa) (Fig. 5(a-e) ), which is slightly greater than the critical amorphization dose of 1.25 Â 10 15 ions/cm 2 or 2.5 dpa for the 0.1 wt.% Nb-STO (Fig. 5(f-j) ). The temperature dependence of the critical amorphization dose for the Nb-doped STO samples irradiated with 1 MeV Kr 2+ ions is shown in Fig. 5(k) . The critical amorphization dose increases with increasing temperature because of dynamic annealing effects [26] . Above a critical amorphization temperature, T c , the critical amorphization dose increases to infinity, and complete amorphization does not occur. The temperature dependence of the amorphization dose, D c , can be fitted by [38] , where D 0 is the amorphization dose extrapolated to 0 K, E a the activation energy for the dynamic annealing process during irradiation, k B the Boltzmann constant and T c the critical amorphization temperature above which the specimen remains crystalline. For undoped STO, the critical amorphization temperature is 426 K (Table 2 ), which agrees with previous studies [20, 26, 39] . Although after doping, the T c value drops slightly to 398 K (0.1 wt.% Nb) and 392 K (1 wt.% Nb), respectively, and the three amorphization curves (for Nb: 0, 0.1 and 1 wt.%) actually almost overlap ( Fig. 5(k) ). This suggests that in general, the doping of Nb into STO has very limited influence on its radiation response. For the undoped sample, the activation energy obtained from Eq. (6) is only 0.025 eV. After doping, it increases to 0.080 eV (0.1 wt.% Nb) and 0.085 eV (1 wt.% Nb), respectively. As reported in previous studies, these activation energies obtained from Eq. 6 are often very low [20] , as compared with the known defect migration energies, which are on the order of $1 eV. The E a values, as determined by Eq. (6), provide only limited information on the kinetics of the amorphization and recovery processes.
Discussion
Track formation
There are vigorous debates over the details of the physics of track formation [10, 11, [40] [41] [42] [43] [44] . For example, the roles of the carrier density, as well as bond type, in track formation are still unclear. However, it is generally believed that there are basic processes associated with the ion-solid interactions where S e ) S n . The first stage occurring in less than 10 À16 s is electronic excitations and ionizations by which the moving energetic ion removes electrons from atoms near the ion path, leaving behind a positively charged chain of atoms within the inner track region [10, 44] . This stage is perhaps followed by a ''Coulomb explosion'' by which vacant atomic sites are produced by the mutual repulsion of the ionized atoms into adjacent interstitial positions [10, 11] . However, it has been argued that the neutralization time (less than 10 À15 s) is far too short for the Coulomb force to replace atoms because very little energy is likely transferred by this force [44, 45] . According to the thermal spike model, the electrons deposit their energy to the target atoms by electron-lattice interactions [40] [41] [42] [43] . Depending on the target material, local thermalization in the electronic system is complete in about $10 À14 s, and heat transfer from the electronic to the atomic subsystem becomes substantial between 10 À14 and 10 À12 s [43, 44, 46] . Due to intense electron-phonon coupling, the region subjected to ion irradiations may become fluid, leading to anisotropic plastic deformation by viscous flow [46] [47] [48] . Contrary to theoretical predictions [10] , our results show that the Nb-doping has no evident influence on track formation in STO, despite the significant decrease in electrical resistivity over the Table 2 Amorphization dose D c , activation energy E a and critical amorphization temperature T c obtained from Eq. (6), and activation energies for the irradiation assisted recovery E irr and for the thermal assisted recovery E th obtained from Eqs. (7) and (8) . insulating-to-conducting transition. There are several possibilities that explain the experimental results. Firstly, the electron density of a material should play an important role in the track formation process [10, 13, 44, 49] , because swift ion tracks form more efficiently in materials with a higher electronic resistivity. To ensure track formation, hot electrons should be confined within the track region, and should not be cooled down by interaction with free electrons before the transfer of the electron energy to the lattice [50] . Due to the lack of free electrons in the bulk of the insulating material, the energy leakage from the track region mainly occurs by spreading of the hot electrons themselves, a process which is suppressed by the electrical field of remaining positively ions. The hot electrons propagate by the impact ionization of atoms at the periphery of the excited region [41] . This relaxation process occurs within a time-frame comparable to the time required for the transfer of the electron energy to the lattice (greater than $10 À13 s) [41, 50] , which is therefore favorable for track formation in insulators. In contrast, tracks are difficult to form in metals, as the higher electronic conductivity allows rapid energy diffusion in the subsystem of free electrons in a very short time (less than $10 À14 s) [30, 41] . In insulating STO (q $10 4 X cm), there are practically no free electrons in the bulk (ðn 0 e Þ(10 15 cm À3 ) [29] . For Nb-STO (1 wt.%), ðn 0 e Þ increases to $3.7Â10 20 cm À3 [29] . According to Fleisher et al. [11] , an increase in the bulk electron density would crucially decrease the time of the charging screening, possibly suppressing track formation. However, this electron density is still two orders of magnitude lower than the density of hot electrons ðn e Þ in an excited region [41, 43] , which is on an order of $10 22 cm À3 . Therefore, the bulk electron density may be still too low to influence the cooling of electronic subsystem. The majority of hot electrons in conducting Nb-STO transfer their energy to the bound electrons, leading to very similar energy dissipation and track formation as compared with the insulating STO. Currently, the thermal spike model has been widely used to simulate track formation in many different materials [42, 43, 45] . Unfortunately, there are no models that have directly included the electron density in the simulation.
Secondly, rather strong effects of the non-thermal process [51] also can be expected for semiconductors and insulating materials, apart from the effects of temperature and Coulomb repulsion. The non-thermal melting process implies that the lattice can be disordered due to a change of the interatomic potential by direct excitation of the electron system in very short times ($10 À14 s) while the lattice modes remain vibrationally cold [51] . Such a concept is well known in laser physics, and recently was brought to the attention of the swift ion track community [45, 52, 53] . Since the non-thermal mechanism relates to the bond rupture for the disordering of materials induced by femtosecond laser pulses [53] , the difference in the type of bonding between metals and dielectrics may be important for track formation by swift ions as well. Ionization might not change metallic bonds very much, while covalent or ionic bonds actually can be broken. However, the low concentration doping in this study does not change the bonding, just the electronic conductivity, and therefore has no significant effect on track formation.
Lastly, the high-velocity ions near the Bragg-peak may not be ideal for demonstrating the doping effect on the track size. The S e values (38 and 47 keV/nm) for the GeV ions in the Nb-STO are much greater than that ($20 kev/nm) of the 92 MeV Xe ions-induced tracks in pure STO [25] . However, the track radius in the case of 92 MeV Xe ions in STO, as was determined by both TEM and XRD, is approximately 25-30 Å [25] , which is not so different from those (20-30 Å) created in the case of GeV ions in Nb-STO. This small difference in track radius for ions with different energies can be caused by the velocity effect: at a given S e the damage cross section is higher for low-velocity ions than for high-velocity ions [54] . As mentioned, high-velocity ions were used in this study to produce tracks with similar radii throughout the entire sample thickness. However, an effect of doping on the track size might be more pronounced for beam energies near the threshold S e rather than high energies near the Bragg-peak.
Amorphization by low energy ions
During low-energy ion irradiations, the kinetic energy deposited through nuclear collisions results in radiation damage. The structural and chemical properties of the target control the production and recovery of radiation damage [55] . The doping in STO not only changes the electrical resistivity but also the local structure of this material due to impurity atoms. In the nuclear collision dominated regime, the significant decrease of resistivity upon doping may change charge build-up and dissipation. As previously discussed for BaTiO 3 [26] , these changes may not be able to alter the radiation damage response of the target because of the very small amount of energy carried by electrons. However, this needs to be confirmed for other materials. In this study, the almost overlapping amorphization curves for STO samples with different levels of doping (Nb: 0, 0.1 and 1 wt.%) suggest that the doping has very limited influence on the low energy ion-induced crystalline-toamorphous transformation in STO. This result demonstrates that dramatic changes in resistivity do not affect the damage in the nuclear collision regime. Further, this result is also consistent with the subtle structural modifications caused by the doping with Nb (up to 1 wt.%) [56] . First principle calculations show that the Nbsubstitution is energetically more favorable at the Ti site with a dopant formation-energy of 1.24 eV, instead of the Sr-site (8.04 eV) [23] . The expected lattice expansion due to doping is very small, i.e., lattice constant: 0.391 nm for 0% Nb vs. 0.392 nm for $1 wt.% Nb [56] . This is because of the very small amount of Ti substituted by Nb, and very close ionic radii for Nb 5+ (0.064 nm) and Ti 4+ (0.061 nm) [56] .
As mentioned before, the E a values as determined by Eq. (6) are unreasonably low as compared with the known defect migration energies. Actually, the damage recovery can be induced by both irradiation-enhanced and thermal annealing processes. If irradiation-assisted recovery dominates, the activation energy for the irradiation assisted recovery, E irr , can be estimated by the expression [38] ,
where m irr is the effective jump frequency for the irradiation recovery process, r a the amorphization cross section r a ¼ 1=D 0 , and / the ion flux (so r a / the damage rate). The activation energy for the thermal recovery, E th , can be estimated by a similar expression,
where m th is the effective jump frequency for the thermal recovery process. In this study, the E irr and E th values for each composition were calculated using Eqs. (7) and (8) by assuming values of 10 and 10 9 s À1 for m irr and m th , respectively, as have been used in the calculations for STO [20, 27] . The D 0 and T c values were taken from the fitted results based on Eq. (6). For the undoped STO, the calculated E th value (1.0 eV) is consistent with the measured activation energy of 0.98 eV by the oxygen diffusion study in single crystal of STO [57] , while the calculated E irr value (0.33 eV) is consistent with the measured activation energy of 0.29 eV as obtained by the 200 keV Ar ion irradiated method [58] . The values of activation energy (E irr and E th ) in this study for the undoped STO are also very close to those as calculated by Smith et al. [20] . The activation energies as determined by Eqs. (7) and (8) 3 . This suggests that despite the significant increase in resistivity, the doping with Nb has no significant influence on the energy barrier for the defect migration for both the thermal recovery and irradiation annealing processes. This agrees with the very limited lattice expansion upon doping [23, 56] . In addition, despite the general overlap of the three amorphization curves (Fig. 5(k) ), the increase of D 0 (from 0.92 to 1.44 and 1.65 dpa) with increasing Nb-content at the low temperatures is consistent with the slight decrease of T c (from 426 to 398 and 392 K) with increasing Nb-content, as they both suggest a slight improvement of the damage resistance of doped samples. Besides the atomic collisions during ion irradiations, the energy transferred to electrons produces electron-hole pairs that can result in localized electronic excitation, rupture of covalent or ionic bonds, as well as the formation of atomic-scale defects [59] . Because of the significant increase in electronic conductivities caused by the Nb-doping, there are less electronhole pairs in the vicinity of the defects in the doped samples as compared with the undoped STO. Therefore, the slight improvement of the damage resistance of doped samples may indicate that the localized electronic excitation due to the low-energy ion irradiations actually enhance the formation of atomic-scale defects in STO. Another possible contribution to the slight improvement of the damage resistance of doped samples may be the increase in the concentration of Sr vacancies caused by the Nb-doping. Substitution of Nb 5+ for Ti 4+ in the doped STO produces extra Sr vacancies [60, 61] . These Sr vacancies can enhance the recovery of atomicscale defects by defect recombination, resulting in increased damage resistance.
Conclusions
We have investigated Nb-doping effects on the radiation response of Nb-SrTiO 3 (Nb: 0, 0.1 and 1 wt.%) in an effort to correlate the effect of changes in electronic resistivity to track formation, as well as the radiation-induced crystalline-to-amorphous transformation. The radii of tracks induced by swift ion irradiation are insensitive to the pristine resistivity of Nb-STO, despite the fact that the electrical resistivity has decreased by seven orders of magnitude. The density of the conduction electrons significantly increases up to $10 20 cm À3 after Nb-doping. However, this number is still low as compared with the number of excited electrons ($10 22 cm À3 ) in the track core, possibly having no appreciable effect on the cooling of the electronic subsystem. During the low-energy (1 MeV Kr 2+ ) ion irradiation, the doping has very limited influence on the energy barriers for the irradiation-enhanced and thermal annealing in Nb-STO process because of the very small lattice expansion and low concentration of Nb. However, the extra Sr vacancies caused by the substitution of Nb 5+ for Ti 4+ increase the damage recovery rate.
